The ability of subsurface microbial communities to adapt to the biodegradation of xenobiotic compounds was examined in aquifer solids samples from a pristine aquifer. An increase in the rates of mineralization of radiolabeled substrates with exposure was used as an indication of adaptation. For some compounds, such as chlorobenzene and 1,2,4-trichlorobenzene, slight mineralization was observed but no adaptation was apparent during incubations of over 8 months. Other compounds demonstrated three patterns of response. For m-cresol, m-aminophenol, and aniline intermediate rates of biodegradation and a linear increase in the percent mineralized with time were observed. Phenol, p-chlorophenol, and ethylene dibromide were rapidly metabolized initially, with a nonlinear increase in the percent mineralized with time, indicating that the community was already adapted to the biodegradation of these compounds. Only p-nitrophenol demonstrated a typical adaptation response. In different samples of soil from the same layer in the aquifer, the adaptation period to p-nitrophenol varied from a few days to as long as 6 weeks. In most cases the concentration of xenobiotic added, over the range from a few nanograms to micrograms per gram, made no difference in the response. Most-probable-number counts demonstrated that adaptation is accompanied by an increase in specific degrader numbers. This study has shown that diverse patterns of response occur in the subsurface microbial community.
Ground water pollution has become a major concern in the United States where much of the population relies on ground water as its major source of drinking water (1) . Chemical contamination of aquifers has been documented (9, 11) and poses a potential health hazard. The ability of polluted aquifers to recover from chemical contamination is dependent primarily on biological reactions, which may occur more rapidly in the subsurface than chemical and physical reactions. Because the subsurface biological community is composed primarily of bacteria (17, 18) , it is essential to investigate the interaction of the subsurface microbial community with xenobiotic compounds, including biodegradation and adaptation processes.
The potential health hazard of a xenobiotic compound is a function of its persistence in the environment as well as the toxicity of the chemical class. Persistence is a function of the biotransformation rate, which influences the compound's form, residence time, and mobility in the subsurface environment. The ability of the subsurface microbial community to adapt to xenobiotic compounds and the time necessary for the adaptation process to occur will be principal factors determining persistence for less readily degraded compounds (19) . Adaptation is defined functionally as an increase in the rate of degradation with exposure to a chemical. Adaptation has been found to occur in many different environments including surface soil systems as a result of repeated treatment with insecticides (2, 7, 8) , estuarine ecosystems (12) , and freshwater environments (14) (15) (16) 21) . Studies at contaminated field sites have shown that subsurface communities exposed to hydrocarbons degraded them at a faster rate than the community at unexposed sites (19) and that the microbes adapted to degrade several compounds simultaneously (20) . Little information currently exists, however, on the relationship between exposure and adaptation in the subsurface microbial community.
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The objectives of this research were to examine the ability of a subsurface microbial community previously exposed to no known pollutants to degrade a wide variety of xenobiotic compounds, determine rates of degradation, and identify patterns of degradation. This was accomplished by measuring mineralization of nine radiolabeled substrates over time. From these studies we were able to identify the xenobiotic compounds to which the subsurface soil microbial community could adapt and the duration of the adaptation period. Finally, the number of specific degraders was calculated before and after the adaptation process to determine whether changes in the degrading population had occurred during the adaptation period. Table 1 . The Lula aquifer solids microbial community was capable of degrading a wide variety of xenobiotic compounds. The time frame of degradation varied from days for phenol, p-chlorophenol, and EDB, to weeks or months for m-cresol, mn-aminophenol, aniline, and p-nitrophenol, and to perhaps years for the chlorinated benzenes.
The first category of response observed included the chlorinated benzenes chlorobenzene and 1,2,4-trichlorobenzene, neither of which was significantly degraded at either concentration tested over many months of incubation. It seems clear that if adaptation to these compounds occurs in nature it may require long time periods. It was not possible to calculate degradation rates for these two compounds. Incubation times longer than 6 months may be needed for adaptation and biodegradation; alternatively, the microbial community of the fine sand portion of the aquifer may simply not contain members able to metabolize these compounds. Also, any biotransformation products or cellular incorporation which may have occurred were not detected by our analytical technique, and therefore the measured mineralization underestimated the amount metabolized.
The second category demonstrated two distinct responses and included compounds which were degraded but for which no adaptation period was observed ( Table 1 ). The first response observed with in-cresol, m-aminophenol, and aniline was an initially slow rate of degradation which was maintained throughout the incubation period, giving a linear increase in percent mineralized with time. Mineralization rates calculated from linear regression of all replicates for all data points were low, ranging from 0.04 to 0.18% per day with r2 values ranging from 0.743 to 0.924. The percent degraded per day for the lower concentrations (<100 ng/g) of these compounds was generally twice that of the higher concentrations (>200 ng/g).
The second type response in this group, observed with phenol, p-chlorophenol, and EDB was an initially rapid rate of mineralization, which leveled off such that a maximum percent respired was reached, normally within weeks. Initial degradation rates were calculated from linear regression of all replicates of data points from only the initial linear portion of percent respired-versus-time figures. All rates were greater than the previous group, 0.47% per day for p-chlorophenol, 2.6% per day for phenol, and approximately 1.0% per day for EDB. It appears that the community is already adapted to the utilization of these materials.
With the exception of the high concentration of m-cresol, for which little mineralization was measured, and for some substrates that had a slightly higher proportion of the compound metabolized at the lower concentration, biodegradation was not influenced by the amount of initial substrate added. The community appears to respond to low part-perbillion concentrations, which is usually considered to be below the level that supports an active community of degraders. It has been shown previously, in other environments, that very low concentrations can lead to an adapted community (12) .
The third category included compounds which were degraded and for which an adaptation period was required. Of the compounds studied, only p-nitrophenol fell within this group. A greater percent of the p-nitrophenol was mineralized at the higher concentrations and thus a significantly greater amount. Degradation rates were calculated from APPL. ENVIRON. MICROBIOL. replicates of data points after the lag phase, at the onset of degradation. Rates were higher than for other compounds studied, 2 to 3% per day for the higher concentrations (200 to 500 ng/g) and 0.7% per day at 31 ng/g. A threefold difference in the length of the adaptation period was seen for p-nitrophenol with three Lula aquifer samples which came from the same soil core and the same portion of the soil profile. The maximum percent of pnitrophenol ultimately degraded, however, was not affected by the soil used. Other workers also have shown variability within subsurface soil profiles (4, 6, 18, 20) . This suggests that there is a great deal of intrasite variability, including spatial heterogeneity and bacterial patchiness associated with soil particles in this subsurface environment.
Currently it is believed that the adaptation process may involve one or a combination of (i) induction or derepression of enzymes specific for degradation pathways of a particular compound, (ii) a random mutation in which new metabolic capabilities are produced which allow degradation that was not previously possible, or (iii) an increase in the number of organisms in the degrading population (14) . At sites where the community has been exposed to known pollutants for long periods, it is clear that adaptation can occur (19) . Defined functionally as an increase in rate of degradation with exposure to a compound, adaptation was evident for only p-nitrophenol among the nine compounds tested, although adaptation may occur under conditions different than those used in this study. The other compounds were mineralized, and adaptation periods may have occurred before the initial sampling time and gone undetected for the compounds initially degraded rapidly, such as phenol, p-chlorophenol, and EDB. Short time frames, however (less than 1 week), may be considered essentially instantaneous in this pristine aquifer environment. Wyndham (21) attributed the adaptation to aniline by Acinetobaciter (cal(oaceticuIs to a mutation in the natural population with the involvement of a plasmid carried gene. He found adaptation to aniline in periods of 24 h for microbes in continuous culture taken from the disturbed sediment-water interface of a river bed. He suggested that parent and mutant populations with different activities for assimilation of aniline were both selected, and that the population dynamics of the parent and mutant may control the length of the adaptation period and ultimate rates of degradation.
Spain et al. (14) and Spain and Van Veld (15) found adaptation to p-nitrophenol in river water-sediment ecocores. The length of the adaptation period observed in our study was generally 5 to 10 times longer than those deter- mined for this compound by Spain et al. (14) and Spain and Van Veld (15) in their ecocores, 4 and 3 days, respectively. They also found that the concentration of p-nitrophenol used influenced the maximum percent respired. Spain et al. (16) found that an increase in the p-nitrophenol-degrading population correlated well with increases in biodegradation rates and that the total bacterial population did not change during the adaptation process. They suggested that adaptation was not due to a random mutation or recruitment of a plasmid gene but instead was the result of selection of organisms able to grow at the expense of the substrate (16) .
Our data showed that the number of degraders increased during the adaptation period. However, it is unlikely that the adaptation period was due solely to a continuous growth of a small population of degraders, because the adaptation period was very long and the onset of degradation was, in some instances, very rapid after this period. In 
